Introduction
Odd-nitrogen radicals, NOx (NOx --NO + NO2 ), affect the rate of chemical removal of ozone in the stratosphere by direct catalysis [Crutzen, 1971; Johnston, 1971 ] In this paper, we evaluate elements of photochemical models describing nitrogen radical abundance using an approach based on "chemical coordinates" that allows quantitative and systematic discussion of the comparison between models and measurements. Through most of the analysis, we assume that current photochemical models are complete. We use the analysis along chemical coordinates to constrain the range of reaction rate coefficients that are consistent with observations of atmospheric composition and where possible to place bounds on uncertainties in rate coefficients that are smaller than those estimated on the basis of laboratory observations alone. We also place some limits on the maximum impact of "missing chemistry" (processes not represented by the model), subject to the assumption that the existing models and observations are perfectly accurate.
The Analysis of observations using chemical coordinates simplifies interpretation of the quantitative constraints on rate coefficients that can be derived from the average agreement between models and a suite of observations. There are some obvious points worth emphasizing. First, each point in the phase-space of the chemical coordinates is unique. Measurements at any given point in phase-space should be identical (within experimental uncertainty), regardless of when or where in the atmosphere they are obtained or whether they are obtained with the same experimental payload. This property of the chemical coordinates can be used to evaluate whether a new measurement provides a constraint on a poorly sampled aspect of the atmospheric chemistry or adds to the statistical weight of prior observations. Second, observations that span a wide range in these coordinates contain more chemical 1. An informal intercomparison of measurements of NO2, using two fundamentally different experimental approaches, substantially increases our confidence that this species is being measured accurately. Accurate NO2 measurements are central to this analysis, since nearly every important NOx loss process involves NO2 (Figure 1) Perkins [2000] shows that the photolysis rates are demonstrably more precise when they are computed using the overhead ozone derived from onboard, spectrally resolved measurements of the radiation field using the Composition and Photodissociative Flux Measurement (CPFM) than when they are inferred from scaling a climatological vertical profile for 03 to the total column measured by the Total Ozone Mapping Spectrometer (TOMS). Analyses by both Perkins 
Observations, Photolysis Rates, and Photochemical Calculations
The POLARIS experiments include 25 flights of the ER-2 aircraft between April and September 1997. The majority of these flights originated from Fairbanks, Alaska (65øN, 150øW). Flights also originated at NASA Ames (37øN, 122øW) and Barbers Point, Hawaii (21øN, 150øW) extending the latitudinal range from the pole to the equator.
NO2 Observations
The POLARIS campaign marked the debut of an instrument designed for the in situ detection of an array of halogen and nitrogen radicals and their precursors from the NASA ER-2 aircraft. The instrument expands the capabilities of its precursor, designed to detect C10 and BrO [Brune et al., 1988] , adding capabilities to detect NO2 by laser-induced fluorescence (LIF) [Perkins, 2000] In addition to NO2, our analysis uses simultaneous observations of NO, NOy, OH, HO2, C10, C1ONO2, 03, H20, N20, pressure, temperature, and particle surface area density. The detection technique, reporting interval, systematic uncertainty (l o), and precision (l o) for these species are summarized in Table 2 . We infer the measurement precision for the reporting interval by analyzing the scatter about a running median filter through the reported flight data. These estimates are representative of the short-term precision of the instruments and are a lower limit on the long-term precision of the measurements which will be influenced by systematic 
Photolysis Rates
The photolysis rate for a chemical species depends on the absorption cross section of the species, the quantum yield for dissociation, and the actinic flux. We calculate local radiative flux using a radiative transfer model [Prather, 1981; Salawitch et al., 1994] 
Photochemical Calculations
In section 4, we use a highly constrained, semiempirical, photochemical model to test our understanding of NOx/HNO3 chemistry. The calculation includes the reactions from Table  1 , the chemistry coupling the major inorganic bromine species (BrO, BrONO2, and HOBr), and chemistry partitioning C10 and C1ONO2. It is constrained by ER-2 observations of OH, 03, the sum of C1ONO2 and C10, NOy, H20, temperature, pressure, and aerosol surface area in order to isolate the reaction set that affects NOx/HNO3 from possible errors in the photochemical rate equations necessary to describe these other species. OH concentrations at any time t are specified from an empirical relationship:
[OH] (t) =[OH]0 (94-SZA(t))/(94-SZA0);
[OH](t)=0 where SZA ( The model is a function of temperature, the radiation field, NO, NO2, 03, C10, BrO, and HO2. With the exception of BrO all of these quantities were measured during POLARIS. We choose as the chemical coordinates temperature and the radiation field because these are the fundamental parameters that are used in models to calculate NOx partitioning. + 5 7oo+7; l (2) and recalling that the second term on the right side of equation (2) is small, we see that the ratio, Jtqo2/ktqo+o3, can be determined to reasonable accuracy using observations of NO, NO2, and 03. Note, however, separate determination of the absolute accuracy of either JNo2 or kNo+o3 is not possible using atmospheric measurements alone unless the second term on the right side of equation (2) becomes much larger than 10%.
In the discussion that follows, we refer to the left side of equation (2) (2) is +16%, assuming that the model is complete. This error limit is substantially smaller than we can place on either JNO2 ("ø40%) or kNo+o3 (---25%) separately, since the large uncertainty associated with laboratory measurements of the NO+O3 rate constant propagate into uncertainty on JNo2 and vice versa. The 16% experimental uncertainty is a significant constraint, since the uncertainty in the quantity JNo2/kNo+o3 is more than 30% based on the JPL 1997 interpretation of laboratory 
N2Os would provide a direct test of equation (8).
Instead of testing our understanding of NOx/HNO3 in these primary coordinates, we define two aggregate coordinates that project the points from the six-dimensional phase space onto a plane that emphasizes the essential aspects of the chemical transformations. These coordinates are (1) the percentage of the total NOx production (the left side of equation (9)) that is due to HNO3 photolysis and (2) the percentage of the total NOx loss (the right side of equation (9)) that is due to reaction of OH with NO2. While there is no guarantee that the coordinates so defined are orthogonal (or that the original six coordinates were either), they have the advantage of having a direct connection to reaction rates that are observable in the laboratory, and they are important coordinates for describing the variations in NOx abundance that are driven by season, latitude, volcanic eruptions, and other geophysical variables that influence the region of the chemical phase space sampled by the atmosphere. In addition, these coordinates have reduced sensitivity to systematic errors in the measurements of HNO3 and NO2 because of the appearance of these quantities in both the numerator and denominator of the respective coordinates. We recognize the ad hoc nature of this particular choice of coordinates and welcome examination of NO v chemistry along other coordinates. 1. On average, the POLARIS observations confirm that models of the NO,, partitioning between NO to NO2 ratio are accurate. Assuming current models are complete, the measurements are consistent with the models to within 2.6%.
However, the results also suggest there is a temperaturedependent error and an albedo related error in calculations of the ratio JNo2/kNo+o3. Since JNo2 and the minor contributions to NO,` partitioning have a very weak temperature dependence, our analysis indicates the temperature dependence of the rate coefficient for NO+O3 is too steep. A rate expression of Ae' Ea/(RT) with A= 9x10 -13 and Ea--10 kJ/mol improves the description of the temperature dependence in the range 215-235 K as does the more complex expression recommended by Borders and Birks [1982] . Models using the JPL 1997 recommendations for uncertainty, as a priori uncertainty estimates, will substantially overestimate the uncertainty in NOx partitioning. We recommend an uncertainty of +16% in the quantity JNo2/kNo+O3 independent of temperature (215<T<235). For the temperature-dependent uncertainty in the NO+O3 rate coefficient, we recommend using the Borders and Birks expression without a temperature-dependent uncertainty, or using an Arrhenius expression with the constants indicated above and an uncertainty in Ea/R of +150. For the JPL 1997 constants an uncertainty in Ea/R of +0/-300 would better overlap the observations than the current +200. After completion of this analysis, the JPL 2000 recommendation was published with an increase of Ea/R of 100K relative to JPL 1997 [Sander et al., 2000] . This new recommendation exacerbates the disagreement between models and observations at stratospheric temperatures.
2. Models employing the lower activation energy for NO+O3 that we recommend will have higher NO2/NO ratios at low temperature. Such models will have lower NOx abundances because all NO,` loss processes pass through NO2 with NO essentially an inert reservoir. The models will also have higher rates of HOx catalysis due to the NO,, reduction and the reduced abundances of NO. The two effects on chlorine catalysis are of opposite sign. Reduced NO,` increases C10 abundances, while increases in NO2 suppress C10.
3. On average, the POLARIS observations show that using 
